Production cross sections of medium-mass neutron-rich nuclei obtained in the fragmentation of 136 Xe projectiles at 1 A GeV have been measured with the FRagment Separator (FRS) at GSI. 125 Pd was identified for the first time. The measured cross sections are compared to 238 U fission yields and model calculations in order to determine the optimum reaction mechanism to extend the limits of the chart of the nuclides around the r-process waiting point at N=82.
I. INTRODUCTION
The access to medium-mass neutron-rich nuclei around N = 82 is a pre-requisite for investigating the evolution of nuclear shell structure with neutron excess and its implications on the stellar nucleosynthesis in the r-process. The quenching of the neutron shell gaps in neutron-rich nuclei is being extensively addressed in both, experimental [1, 2, 3, 4, 5] and theoretical works [6, 7, 8] . Recent contradictory results require more experimental investigations. However, the refractory nature of the nuclei of interest and the limited primary-beam intensities from existing fragmentation facilities prevents us from any sizeable extension of the present limits of known nuclei on the chart of the nuclides at N = 82.
In the near future, new radioactive-beam facilities will offer improved possibilities for extensive experimental investigations. However, the choice of the appropriate re-action mechanism for the production of neutron-rich nuclei will be decisive for the magnitude of the attainable yields. Fission has been used successfully for producing a large variety of neutron-rich nuclei close to N = 82 both in in-flight [9] and in ISOL [10] facilities. However, the fission yields were found to drastically decrease for light N = 82 isotones, since the fluctuations in the chargepolarization degree of freedom are rather small [11] . An alternative option to fission is the fragmentation of stable 136 Xe projectiles [3] . It is very interesting to explore how the cross sections of light neutron-rich nuclei close to N = 82 develop when using this fundamentally different mechanism in its extreme tail of cold fragmentation [12] , where fluctuations in the N/Z degree of freedom in the formation of projectile spectators with low excitation energies are exploited. More recently, it has been proposed to profit from the high secondary-beam intensities of some neutron-rich fission fragments available in ISOL facilities to use a two-stage reaction scheme for producing medium-mass neutron-rich nuclei [13] . According to this scheme, fission products from an ISOL facility could be re-accelerated and fragmented in order to produce nuclei with larger neutron excess. With this approach it is also possible to overcome the difficulties of the ISOL method to produce isotopes of refractory elements.
In this paper we present the results of an experiment recently conducted at GSI where medium-mass neutronrich nuclei produced in the reaction 136 Xe+Be at 1 A GeV were separated and identified in-flight using the FRagment Separator (FRS). Moreover, the production cross sections of the projectile residues could be determined with high accuracy. In the first sections of the paper we present the experimental technique and the main results obtained in this experiment. Then, we validate different model calculations describing the production of residual nuclei in fragmentation reactions at relativistic energies. We conclude the paper with a comparison of the expected production yields of neutron-rich nuclei close to N=82 in fragmentation and fission reactions.
II. EXPERIMENT
The experiment was performed at the GSI facilities where the SIS18 synchrotron accelerated a 136 Xe beam to 1 A GeV. The average intensity of the beam pulses was 10 8 ions, their duration 3 seconds and the total cycle 6 seconds. A secondary-electron monitor [14] registered continuously the beam intensity for normalisation purposes. The beam impinged onto a beryllium target with a thickness of 2.5 g/cm 2 , located at the entrance of the FRagment Separator (FRS) [15] . The FRS is a zerodegree magnetic spectrometer with a resolving power of ∆Bρ/Bρ ≈ 1500, a momentum acceptance of ∆p/p ≈ 3% and an angular acceptance around the central trajectory of 15 mrad [16] . The two symmetric stages composed of two dipoles each and several multiplets of quadrupoles and sextupoles (see Fig. 1 ) were used in an achromatic mode with a dispersive intermediate image plane.
Reaction residues with trajectories inside the FRS acceptance for a given magnetic tuning were identified from their magnetic rigidity and time of flight. The magnetic rigidity was obtained from the measured positions of the trajectories at the intermediate and final image planes using two position-sensitive plastic scintillators. These detectors also provided the time of flight of the transmitted nuclei between these two image planes. Moreover, the atomic number of each residual nucleus was determined from its energy loss in an ionisation chamber placed at the end of the FRS and from its velocity. A detailed description of the experimental technique and data-sorting procedure can be found in Refs [17, 18, 19] .
III. RESULTS
In figure 2 we present the identification matrix obtained by adding up several magnetic tunings of the FRS in the form of a two-dimensional scatter plot of the energy loss of the transmitted nuclei in the ionisation chamber versus their A/q value, obtained from the magneticrigidity and velocity measurements. Fig. 2 also illustrates the typical resolution obtained in this experiment A/∆A≈ 360 and Z/∆Z≈ 190.
At this projectile energy, nuclei with atomic numbers smaller than 55 are fully ionised at ≤ 98%. Residual nuclei changing their atomic charge state at the intermediate image plane of the spectrometer were identified from the combined measurement of the their magnetic rigidities in both sections of the FRS and their energy loss in the ionisation chamber [12] . Only isotopes having three neutrons less and keeping one electron all along the FRS could contaminate the production of a given isotope at a level of 10 −4 . Considering that cross sections of neutronrich nuclei differing in three neutrons can vary at most by two orders of magnitude, the expected contamination by charge states will be of the order of few percent.
The atomic number was calibrated using the primary beam (referred as "b" in the figure) as reference. From this procedure, and assuming fully-stripped residues one can obtain the mass number of the nuclei using the identification matrix shown in Fig. 2 . In particular, in this figure we can easily identify the six first protonremoval channels (1p, 2p,. Pd is also clearly shown in this figure: this was the first time this nucleus was produced using fragmentation reactions. In a later experiment 125 Pd was also identified in the fission of 238 U [20] . Fig. 2 also shows the production of caesium isotopes as well as N=83 nuclei which have one neutron more than the projectile. All these nuclei are produced in chargeexchange reactions, as shown by A. Kelic et al. [21] , and will be the subject of discussion in a forthcoming publication.
The measured production yields were transformed into production cross sections by normalising to the number of incident projectiles and target thickness. Before that, the measured yields were corrected by the FRS acceptance and losses due to the dead time of the data acquisition, reactions in all layers of matter along the FRS, multiple reactions in the target and charge states of the residual nuclei. For most of the measured nuclei, no correction for the limited momentum acceptance had to be applied. The full momentum distribution was obtained by adding up the momentum-distribution segments measured in different magnetic tunings of the FRS with a difference in the magnetic values smaller than the 3% of the momentum acceptance of the spectrometer. Using this method, the final production cross sections of the different projectile residues identified in this experiment were determined with an accuracy between 10% and 20%. A detailed description of the procedure can be found in Refs. [12, 18, 19] . Figure 3 summarises all projectile residues measured in this work on top of the chart of the nuclides. As it can be seen, in this measurement we covered the most neutron-rich residues produced in the fragmentation of 136 Xe projectiles with production cross sections down to 100 pb.
IV. DISCUSSION

A. Isotopic distributions of residual nuclei
The production cross sections of projectile residual nuclei measured in this work are shown in figure 4 in form of isotopic distributions. The error bars are visible when larger than the size of the data points. The smooth evolution of the measured cross sections, both in mass and atomic number, is considered as an indication of the high accuracy of the measurements.
As shown in this figure, for most of the elements produced as projectile residues, a large fraction of their isotopic distributions was measured in the present experiment, covering in particular the most neutron-rich isotopes produced with cross sections larger than 100 pb. Therefore, these data are relevant to investigate the possibilities offered by projectile-fragmentation reactions to produce medium-mass neutron-rich nuclei.
Residual nuclei close to the projectile, isotopes of xenon and iodine, present isotopic distributions with small variations in cross section, decreasing with the neutron number. This behaviour indicates that those nuclei are produced in extremely peripheral reactions where the projectile loses at most one proton and the excitation energy gained in the reaction leads to the evaporation of few neutrons. The residual nuclei of elements lighter than iodine show a different shape in their isotopic distribution. The maximum of the distribution is located at a neutron number smaller than the one of the projectile, while the cross sections decrease with increasing neutron excess for the most neutron-rich residues. Moreover, the decrease of the production cross section for decreasing the proton number in an isotonic sequence is steeper than the decrease of the production cross section with increasing neutron number in an isotopic sequence. Indeed, for the most neutron-rich residues of silver or palladium a difference of one neutron corresponds to a variation of the cross section of one order of magnitude, while a difference of one proton corresponds to a variation of two orders of magnitude.
The production of the most neutron-rich residues is expected in reactions dominated by the cold-fragmentation process [12] . These are reaction channels where the projectile nucleus mostly loses protons in the interaction with the target and, at the same time, deposits only little excitation energy, allowing for the evaporation of only a few neutrons. This reaction channel leads then to the production of the most neutron-rich nuclei that can be produced in the fragmentation of a given projectile nucleus. Obviously, the production of the most neutron-rich final residues relies on large fluctuations in the proton-toneutron ratio of the abraded nucleons and in the excitation energy gained by the projectile pre-fragment in the abrasion process. In this scenario, the most extreme case corresponds to the proton-removal channels where only protons are abraded and the excitation energy gained remains below the neutron-evaporation threshold. As already mentioned in the previous section, in this experiment we were able to identify and measure the production cross sections up to the six proton-removal channel, as depicted in Fig.5 . Again this figure clearly shows how the loss of an additional proton corresponds to a reduction of almost two orders of magnitude in the final production cross section.
B. Benchmarking of model calculations
The future perspectives for the production of mediummass neutron-rich nuclei using fragmentation reactions can be investigated using model calculations which the present data validate. For this purpose we chose two different approaches. The EPAX formula [22] , a semiempirical parametrisation of previously measured data and the code COFRA [12] a simplified version of the abrasion-ablation model ABRABLA [23] . COFRA includes a complete description of the abrasion process following the ideas introduced by Gaimard and Schmidt [23] with a reduction of the excitation energy by 10% with respect to the description proposed in Ref. [24] . Then the evaporation stage is based on the statistical model using the Weisskopf prescription but considering only neutron emission as open de-excitation channel. This simplification allows for an analytical description of the evaporation process as described in [12] but restricts the validity of the results to those cases where the de-excitation of an excited nucleus can be described mostly by the evaporation of neutrons, as it is the case of nuclei with a large neutron excess, and in particular, those produced in cold-fragmentation reactions.
In figures 4 and 5 we compare the results obtained with both calculations with the data measured in the present work. The EPAX formula in general provides a good description of the production cross sections of neutrondeficient fragmentation residues [26] . In the present case, EPAX describes rather well the production cross sections of residual nuclei not too different in mass number from the projectile. However, for residual nuclei with a large neutron excess EPAX clearly overestimates the production cross sections. This effect increases with the difference in mass number between the residual nucleus and the projectile, being close to one order of magnitude for the six proton-removal channel shown in Fig. 5 , and even larger for the most neutron-rich isotopes of Pd and Rh shown in Fig. 4 . This overestimation of the production cross sections of residual nuclei with large neutron excess and far from the projectile obtained with EPAX was already observed in previous works [12, 13, 25] .
The code COFRA provides a better overall description of the present data. Nevertheless, we can also identify a clear tendency to slightly under-predict the production cross sections of neutron-rich residual nuclei with a large difference in mass number with respect to the projectile, as can be seen in Figs. 4 and 5. It should be stressed that the predictions of the COFRA code are extremely sensitive to the precise values of the neutron separation energies of the nuclei of interest. Indeed, an overestimation of few hundred keV in the neutron binding energies could explain the observed deviations from the measured cross section. A similar approach has been recently used in Ref. [27] to determine the binding energies of several Cu isotopes.
C. Fragmentation and fission competition for the production of medium-mass neutron-rich nuclei.
The alternatives to the fragmentation of 136 Xe for the production of neutron-rich N=82 isotones below 132 Sn are the in-flight fission of heavy projectiles, mainly 238 U [9] , or a two-stage reaction scheme where highly volatile fission residues delivered by an ISOL facility, such as 132 Sn, are re-accelerated and fragmented in a secondary target to produce neutron-rich nuclei by coldfragmentation [13] .
In-flight fission has extensively been investigated at the FRagment Separator facility at GSI where the isotopic production cross sections of fission residues have been measured in reactions induced by relativistic 238 U [9, 28, 29, 30, 31] , 208 Pb [33, 34, 35] and 197 Au [36] projectiles impinging on different target materials. This extensive data set allowed to investigate in detail the fission process in the large excitation-energy range populated in peripheral collisions between heavy ions at relativistic energies [37, 38, 39] , and formulate reaction models describing the isotopic composition of the final fission residues [40] .
Calculations for the expected production of N=82 isotones below 132 Sn using a two-stage reaction scheme were presented in [13] while recently, an experiment was performed at GSI to measure such cross sections [41] . In principle this two-stage reaction scheme is proposed to overcome the limited extraction efficiency of refractory elements, in which we are interested, in ISOL facilities. Since the results from this experiment are not yet available we limit the discussion in this section to the comparison of the production cross sections in fragmentation and fission reactions.
This comparison is shown in Fig. 6 , where we represent the production cross sections of palladium, silver and cadmium neutron-rich isotopes produced in the fragmentation of 136 Xe projectiles at 1 A GeV impinging on a beryllium target measured in this work (squares) and calculated with the COFRA code (solid line). In the same figure we also depict the production of those nuclei in fission reactions induced by 238 U projectiles at 950 A MeV impinging on a lead target measured in [29] (circles) and calculated with the Monte-Carlo-type SIMFIS code [40] (dashed line). In order to reach cross sections as low as picobarns the SIMFIS calculations were extrapolated using a polynomial function in exponential scale. For studying the production by fission, a lead target was chosen in order to enhance the production of very fissile slightly neutron-deficient uranium isotopes with moderate excitation energies by Coulomb excitation at relativistic energies [42] .
As can be seen in the figure, fission of relativistic 238 U projectiles, induced in a lead target, results in larger production cross sections of neutron-rich nuclei below 132 Sn than the fragmentation of 136 Xe projectiles. The difference with fragmentation decreases with the atomic number since we approach the region of symmetric fission (palladium), poorly populated by the electromagneticinduced fission of 238 U [42] .
The final production rates of medium-mass neutronrich nuclei in the next-generation radioactive-ion-beam facilities will depend not only on the production cross sections, which are investigated in this work but also on primary-beam intensities and target thicknesses, and on the technique used for the production; i.e. ISOL or in-flight with their different extraction or transmission efficiencies. In the case of ISOL facilities, the main technical difference affecting spallation reactions induced on a thick 238 U target, is the extraction efficiency from the target. In principle, uranium composites present good release properties [43] . However, as already mentioned, the refractory nature of the elements of interest results in extremely low extraction efficiencies [44, 45, 46] . In this case, the two-stage scenario, where non-refractory neutron-rich fission residues like 132 Sn can be easily extracted from a 238 U target, post-accelerated, and then fragmented will allow the production of refractory neutron-rich nuclei below 132 Sn with much higher yields.
In the case of in-flight facilities, the different kinematic properties of fission and fragmentation residues directly affects the transmission efficiencies of the reaction residues through the corresponding magnetic spectrometers. In present spectrometers such as the FRS, the difference in transmission can be up to a factor of 20 in favour of fragmentation. However, the large acceptance of the new-generation spectrometers, as BigRips in RIKEN [47] or the SuperFRS [48] at the future FAIR facility, reduces this difference in transmission down to a factor of 5. Therefore, in this case the final production rates will be determined to a much larger extent by the production cross sections. The comparison shown in Fig.  6 clearly shows that fission will be very competitive for the production of neutron-rich nuclei with atomic numbers between 60 and 48, and 44 and 32 populated by the asymmetric fission of 238 U by the heavy and light fission fragments, respectively. However, the region of symmetric fission residues with atomic numbers between 45 and 47 will be better covered by the fragmentation of 136 Xe.
V. CONCLUSION
In this work we have investigated the production of medium-mass neutron-rich nuclei. For this purpose, an experiment was conducted at GSI to measure the pro-duction cross sections of neutron-rich projectile residues produced in the fragmentation of 136 Xe projectiles at 1 A GeV in a beryllium target. Using the high-resolution magnetic spectrometer FRS we were able to identify more than 100 neutron-rich residual nuclei, produced in this reaction with cross sections as low as 100 pb, and to measure their production cross sections. Moreover, 125 Pd was identified and its production cross section in fragmentation reactions was measured for the first time.
These measurements were used to benchmark two reaction codes describing the production cross sections of residual nuclei in fragmentation reactions, EPAX and COFRA. This analysis shows that the EPAX formula yields accurate predictions for the production cross sections of neutron-deficient nuclei and neutron-rich ones relatively close to the initial projectile in mass number. However this formula clearly overestimates the production cross sections of neutron-rich nuclei with four or more protons lost in the reaction. The code COFRA, which can only predict the production of residual nuclei with a large neutron excess, provides an overall good description of the production cross sections of the neutronrich nuclei produced in this work. Only for nuclei very far in mass number from the projectile a moderate underprediction of the production cross sections can be observed.
The present data and model calculations obtained for fragmentation reactions were also confronted to data and model calculations providing the production cross sections of similar nuclei but using fission reactions. This comparison shows that fission reactions are very competitive for the production of medium-mass neutron-rich nuclei within the atomic number intervals covered by the asymmetric fission of 238 U. In the case of radioactive-ionbeam facilities using the in-flight technique, fragmentation of 136 Xe can be used for the production of neutronrich nuclei populating the region of symmetric fission (Z≈ 44 to 47). In general, ISOL facilities suffer from the refractory nature of many of the N=82 neutron-rich isotones. In this case, the proposed two stage scenario for the production of those nuclei in the fragmentation of non-refractory fission residues such as 132 Sn could be used to overcome this limitation.
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